In this work, we calculate energy loss of heavy quark (charm and bottom) due to elastic collisions and gluon radiation in hot/dense medium. The collisional energy loss has been obtained using QCD calculations. The radiative energy loss is calculated using reaction operator formalism and generalized dead cone approach. We rederive the energy loss expression using same assumptions as generalized dead cone approach but obtain slightly different results. We also improve the model employed to calculate path length and the system evolution. 
generalized dead cone approach but obtain slightly different results. We also improve the model employed to calculate path length and the system evolution.
The nuclear modification factors R AA including shadowing and energy loss are cone approach describes the charm suppression at both RHIC as well as LHC energies and requires energy loss due to collisions to be added in order to describe the bottom suppression at LHC.
Introduction
The heavy ion collisions at ultra relativistic energy create matter with high energy density required to form Quark Gluon Plasma (QGP). Relativistic Heavy
Ion Collider (RHIC) and Large Hadron Collider (LHC) are designed to create and explore QGP. Many measurements at RHIC and LHC already point to the formation of QGP [1] . The heavy quarks (charm and bottom) are produced in hard partonic interactions in heavy ion collisions and their initial momentum distribution can be calculated from pQCD [2] . While traversing the hot/dense medium formed in the collisions, these quarks loose energy either due to the elastic collisions with the plasma constituents or by radiating a gluon or both.
There are several formulations to calculate collisional [3, 4, 5, 6, 7] as well as radiative energy loss [8, 9, 10, 11] . For a review of many of these formalism see Ref. [12] . At high parton energies, the radiative energy loss becomes much larger than the collisional energy loss but at lower energies, these two processes can contribute equally with the collisional energy loss being the dominant for small values of the parton energy [13] .
There are many heavy quark energy loss models, each having specific set of simplifications/assumptions. The model by Gyulassy, Levai and Vitev (GLV) [14, 15] is based on a systematic expansion of the energy loss in terms of the number of scatterings and generally leading order term is included in the current calculations. The medium is characterized by two parameters, the density of scattering centers or mean free path and Debye screening mass. Such an approach includes the interference between vacuum and medium induced radiation. This formalism was then extended to obtain the energy loss for heavy quarks in Ref. [11] and was simplified for the first order of opacity expansion in
Ref. [16] In this work, we calculate the radiative energy loss of heavy quarks (both charm or bottom quark) using reaction operator formalism DGLV (Djordjevic, Gyulassy, Levai and Vitev) [10, 11, 16] and using generalized dead cone approach AJMS (Abir, Jamil, Mustafa and Srivastava) [17] . We rederive the energy loss expression using same assumptions as generalized dead cone approach but obtain slightly different results. We also improve the model employed to calculate path length and the system evolution. The collisional energy loss has been calculated using Peigne and Peshier formalism [7] . 
Heavy Quark Production by Hard Processes
The production cross sections of cc and bb pairs are calculated to NLO in pQCD using the CT10 parton densities [18] . We use the same set of parameters as that of Ref. [19] which are obtained by fitting the energy dependence of open heavy flavor production to the measured total cross sections. The charm quark mass and scale parameters used are m c = 1.27 GeV, µ F /m T c = 2.10, and µ R /m T c = 1.60 [19] . The bottom quark mass and scale parameters are m b = 4.65 GeV, µ F /m T b = 1.40, and µ R /m T b = 1.10. Here µ F is the factorization scale, µ R is the renormalization scale and m T = M 2 + p 2 T . The central EPS09 NLO parameter set [20] is used to calculate the modifications of the parton distribution functions (nPDF) in heavy ion collisions, referred as shadowing effects.
For the fragmentation of heavy quarks into mesons, Peterson fragmentation function is used which is given as follows [21] 
Here
T and N is normalization constant which is fixed by summing over all hadrons containing heavy quark,
We take c = 0.016 and b = 0.0012. The schemes of D meson to electron decay (BR = 10.3 %) and B meson to J/ψ decay (BR = 1.1 %) are obtained by Pythia simulations [22] . 
Collisional Energy Loss
The QCD calculation of the rate of energy loss of heavy quark per unit distance (dE/dx) in QGP is given by Braaten and Thoma [4] . Their formalism is an extension of QED calculation of dE/dx for a muon [6] which assumes that the momentum exchange q E. Such an assumption is not valid in the domain GeV. The data is from PHENIX measurements of single electrons from heavy flavour [23] . when the energy of the heavy quark E M 2 /T , where M is the mass of the heavy quark. Peigne and Peshier (PP) [7] extended this calculation which is valid in the domain E M 2 /T to give the expression for dE/dx as
Here µ g = 4πα s T 2 1 + N f /6 is the Debye screening mass and
3) is the fine structure splitting constant for strong interaction and N f is the number of quark flavours.
Radiative Energy Loss

DGLV Formalism
The energy loss of fast partons is dominated by radiation of gluons. The reaction operator formalism is used in Ref. [10] to obtain the energy loss due to gluon radiation for light quark jets. Analytical expression is obtained for energy loss in powers of gluon opacity (L/λ) where λ is the mean free path of the quark and L is the path length traversed in the medium. This formalism was then extended to obtain the energy loss for heavy quarks in Ref. [11] and was simplified for the first order of opacity expansion in Ref. [16] . The expression of the average radiative energy loss of heavy quark is given in appendix A.
Generalized Dead Cone Approach (AJMS)
The rate of radiative energy loss of a heavy quark with energy E due to the inelastic scattering with the medium is calculated as
where < ω > is the mean energy of the emitted gluons.
The probability of gluon emission off a heavy quark is written as [17] 
where C A (=3) is the Casimir operator in QCD and ω is related to the transverse momentum of the emitted gluons k ⊥ by the relation k ⊥ = ω sin θ, where θ is the emission angle. D is the generalised dead cone which can be written as [25] 
Here s is mandelstam variable which is related to the energy E and mass M of heavy quark by the relation, s = 2E
The mean energy of the emitted gluon can be written as [17] < ω >=
The mean free path length λ is calculated as [17] 
The total cross section of the process 2 → 3 is calculated as [26] 
Here q ⊥ is the transverse momentum of the exchanged gluon. Using Eqs.
(4), (7), (8) and (11) and assigning the limits of the variables of q 2 , ω and
Here we have put C A =3 and factor of 2 is used to cover both upper and lower hemispheres of η.
Equation (12) is solved to get following result (see details in appendix B) which we call corrected AJMS result
The above results differs with the original AJMS calculation [17] where the F(δ) term is given by
[log(
Model For QGP Evolution
To estimate the energy loss suffered by the heavy quark, it is crucial to calculate its path length which it travel in the medium. Let us assume that the heavy quark is produced at a point (r, φ) in heavy ion collision, moves at an angle φ with respect tor in the transverse plane. If R is the radius of the colliding nuclei, then the distance d covered by the heavy quark in the plasma is given [27] by
The average distance travelled by the heavy quark in the plasma
Here ρ(| r|) is the density of nucleus assumed to be a sharp sphere with radius
. If the velocity of the heavy quark is v T = p T /m T , where m T is the transverse mass, the effective path length L ef f is obtained as
The evolution of the system for each centrality bin is governed by an isentropic cylindrical expansion with prescription given in Ref. [28] . The entropy
and equation of state obtained
by Lattice QCD along with hadronic resonance are used to obtain temperature as a function of proper time [29] . The transverse size R for a given centrality with number of participant N part is obtained as R(
R A is radius of the nucleus. The initial entropy density s(τ 0 ) is
Here a m = 5 is a constant which relates the total entropy with the multiplicity [30] . The initial volume V (τ 0 ) = π [R(N part )] 2 τ 0 and measured values of dN/dη for LHC [31] and for RHIC [32] are used for a given centrality. Table 1 . The parameters used in the earlier model [16, 17] are also given. Figure 4 shows energy loss of charm quark as a function of energy of quark for AuAu collision at √ s N N =200 GeV using PP, DGLV, AJMS and corrected AJMS formalisms. Figure 5 is the same for bottom quark. It can be seen that the collisional energy loss is similar in magnitude for charm and bottom quark.
Results and Discussions
The radiative energy loss calculated by AJMS is larger than that by DGLV.
This difference is more pronounced for bottom quark. Radiative energy loss of bottom quark by AJMS starts dominating collisional energy loss at quark energy above 11 GeV whereas the DGLV energy loss remains below collisional energy loss upto 25 GeV of bottom quark energy. GeV. The data is from PHENIX measurements of heavy flavour (HF) electrons [23] . to collisions. The energy loss by DGLV does not describe the data. 
Conclusion
We study the energy loss of heavy quark (charm and bottom) due to elastic TeV. The data is from ALICE measurements of D 0 mesons [34] . 
f (x, y, z) = x 4 + 2x 2 y + z 2 .
The maximum value of ω is obtained as [39] 
The average of square of the transverse momentum q ⊥ is given in reference [36, 37] as
Putting q (1 − β 1 ) log 1
where β 1 = µ 2 g /(C E T ). Using the relation ω = k ⊥ cosh η, the finite cut on ω and k ⊥ leads to an inequality
The integration limits of η are calculated from Eq. (32), (36) and (39) as
We can write it as |η| < δ, where δ is obtained using equation (38) and (40) δ = 1 2 log 1 (1 − β 1 ) log 1
We can write the minimum and maximum value of η as
Now we calculate the integrals in Eq. (12) which can be written as
The first integration I 1 is calculated as
The second integration I 2 is calculated as
The third integration I 3 is calculated as
